0.1 mmol/1) were significantly lower than that in plasma (2.4 + 0.1 mmol/1) (p = 0.001 and 0.02, respectively), and the time-to-nadir was substantially longer in muscle (69 _+ 5 min) and adipose tissue (57 + 2 min) than in plasma (39 + 3 min) (p = 0.0004). When the insulin infusion was stopped, the increases in adipose tissue and muscle glucose concentrations were delayed by approximately 25 and 45 min, respectively, as compared to the increase in plasma glucose. Thus, it seems that glucose measurements in adipose tissue and muscle more adequately reflect overall tissue homeostasis than do measurements in blood and that clinically relevant tissue glucopenia may be overlooked by conventional blood glucose measurements. [Diabetologia (1997) 40: 1320-1326] Keywords Hypoglycaemia, insulin, carbohydrate metabolism, microdialysis, tissue blood flow.
Self-monitoring of blood glucose (SMBG) has become an important instrument in the management of intensified insulin therapy in patients with insulin-dependent diabetes mellitus (IDDM). Thus, insulin doses can be adjusted by the patients to meet their varying needs during everyday conditions and both hyper-and hypoglycaemia can be detected and adequately treated or even avoided. However, most patients find it difficult to perform SMBG frequently enough to avoid hyper-and hypoglycaemia. Furthermore, clinically significant glucose fluctuations are sometimes not detected by SMBG [1] . To overcome this problem, methods for continuously monitoring the glucose concentration have been introduced in recent years. One Of the most promising is the microdialysis technique [2] . The general principle underlying this technique is to mimic the function of a blood vessel by slowly perfusing a dialysis tube implanted in the tissue. The glucose concentration in the outgoing dialysate is determined and reflects the corresponding level in the extracellular fluid because of diffusion of glucose across the semipermeable membrane. This technique has shown that the glucose concentration in the subcutaneous adipose tissue is almost identical with that in the blood [3, 4] . In one study, continuous glucose measurements by the microdialysis technique resulted in a better resolution of glucose fluctuations than did conventional monitoring of blood glucose [5] .
Most microdialysis studies of the glucose concentration in adipose tissue have been performed during euglycaemia or hyperglycaemia and hitherto no detailed studies during hypoglycaemia have been performed. Nor is there much knowledge about the glucose concentration in tissues other than fat in humans. Muscle measurements have been reported in two studies [6, 7] . In these studies, glucose levels in skeletal muscle were shown to be significantly lower than those in blood. However, tissue glucose levels were calculated by indirect methods and no measurements during hypoglycaemia were presented.
The aim of the present study was therefore to measure the absolute glucose concentration in subcutaneous adipose tissue and in skeletal muscle in non-diabetic subjects before, during and after hypoglycaemia by using the microdialysis technique. Hypoglycaemia was induced by a standardized hyperinsulinaemic hypoglycaemic clamp. In addition, local blood flow in adipose tissue and muscle was measured by the ethanol perfusion technique.
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Subjects and methods
Subjects. We studied 11 (5 female) healthy, drug-free subjects on 1-2 occasions. They were not obese (BMI 23.4 + 0.7 kg/m 2, range 20.6-27.3 kg/m 2) and their mean age was 27.0 + 1.1 (range 21-35) years. The study was approved by the ethics committee of Huddinge Hospital. The subjects were given a detailed description of the experiment and their consent was obtained.
Microdialysis device. The microdialysis probe (CMA/60, CMA Microdialysis AB, Stockholm, Sweden) has been described in detail [8] . Briefly, a dialysis tube (30 x 0.5 ram, 20000 molecular weight cut-off) was glued to the end of a double-lumen cannula. The inlet lumen of the probe was connected to a highprecision perfusion pump (CMA/100microinjection pump, CMA Microdialysis AB) and the probe was continuously perfused with a sterile solution. The perfusion solvent entered the probe through the outer cannula, streamed to the tip of the probe, and left the probe through the inner cannula, from which it was collected.
Study protocol. The subjects were examined in the supine position in the morning after an overnight fast. A teflon catheter used for blood sampling was inserted in a dorsal hand vein and the hand was kept in a warm box (60-70 ~ to ensure arterialization of the venous blood [9] . Another catheter was placed in the contralateral brachial vein and used for insulin and glucose infusions. In 10 subjects, one microdialysis probe was inserted into the subcutaneous tissue in the periumbilical region of the abdomen and another into the calf muscle. These probes were continuously perfused at a low velocity (0.3 ~tl/ min). Ringer's solution (Apoteksbolaget, Ume~, Sweden: sodium 147 mmol/1, potassium 4 mmol/1, calcium 2.3 mmol/1, chloride 156 mmol/1) was used as the basal dialysate perfusion fluid. In 8 of the subjects, one additional probe in the abdominal subcutaneous tissue and another in the calf muscle were inserted and perfused at a higher velocity, i. e. 2 ~tl/min. In four of the subjects, two extra probes, one in the abdominal fat and one in the calf muscle, were inserted and perfused with Ringer's solution to which glucose had been added (1 mmol/1; perfusion velocity 0.3 ~tl/min).
Changes in the local blood flow in the tissue surrounding the probes in adipose tissue and muscle were determined by the ethanol perfusion technique [10] . Two additional probes (one in adipose tissue and one in calf muscle) were perfused by an ethanol-containing solution (2 ixl/min). Since ethanol is not locally degraded the ratio out/in of this flow-marker reflects changes in the nutritive blood flow, as discussed in detail [11] .
In addition, the recovery of glucose in adipose tissue and muscle was assessed by an isotopic method [12] . This method is based on the premise that the recovery of a substance is equal in both directions across the dialysis membrane and that the tissue concentration of the radiolabelled marker is not influenced by the local blood flow [2] . Thus, a radioactive isotope ([U-14C]glucose) (Amersham Sweden AB, Solna, Sweden) was added to the perfusion fluid, yielding a preparation of approximately 2500 cpm/~xl. The radioactivities (cpm) of the perfusate and the dialysate were determined. The relative loss of labelled glucose across the dialysis membrane from the perfusion fluid into the dialysed tissue is assumed to equal the flux of glucose from the tissue into the perfusion fluid (recovery). It is calculated as
where cpmin is the radioactivity in the perfusion fluid and cpm out is the radioactivity in the dialysate fractions. In order to investigate the influence of possible changes in local blood flow on the determinations of glucose recovery, the probes were perfused with Ringer's solution alone or with the addition of the vasodilating agent hydralazine hydrochlorid, e (0.125 g/l) (Ciba-Geigy AG, Basel, Switzerland). The distance between each probe was 3-5 cm. Local skin anaesthesia (EMLA, Astra, S6dert~ilje, Sweden) was used before cannulating the skin.
The hypoglycaemia experiment was started after a 60-min period of basal sampling. Hypoglycaemia was then induced by a continuous i.v. insulin infusion (0.15 U. kg -1 "h -1) aiming at reaching a plasma glucose level of approximately 2.5 mmol/1 after 30 min. This plasma level was maintained for 30 min by using a variable glucose (20 %) infusion. Thereafter, the insulin infusion was stopped and the glucose infusion was gradually reduced, so that a standardized increase of plasma glucose levels was obtained during 120 min.
The glucose concentrations in the tissue dialysate were measured in 15-min fractions during the entire experiment and compared with those in the arterialized plasma samples obtained in the middle of each 15-min fraction taking account of a 10-min delay for the flow of the dialysate through the outgoing catheter. Ethanol concentrations in the dialysate were measured in 15-min fractions and 14C-glucose levels were assessed in 30-min fractions.
During hypoglycaemia, plasma samples were taken for determining the levels of free insulin and catecholamines at -22.5, -7.5, 22.5, 37.5, 52.5, 67.5 and 112.5 min, the insulin infusion starting at 0 min.
Analytical methods. Plasma and dialysate glucose levels were determined by a glucose oxidase method [13] . Ethanol in the dialysate was analysed by a fluorometric method [14] . Plasma-free insulin was determined by radioimmunoassay, using a commercial kit (Pharmacia, Uppsala, Sweden). Catecholamines were analysed by high-performance liquid chromatography with electrochemical detection [15] . 
Results
Figure i shows the glucose levels in the basal state and during the hypoglycaemic clamp. The glucose curves for plasma, adipose tissue and muscle differed significantly (p = 0.0001), tow-factor ANOVA, repeated measurements). During basal conditions (before the insulin infusion), the mean glucose level in plasma was 5.1 + 0.1 mmol/l, similar to that in adipose tissue (4.9 + 0.1 mmol/1) and significantly higher than that in muscle (4.5 + 0.1 mmol/1,p = 0.002); 95 % confidence interval for the difference plasma-muscle being 0.3-0.8 mmol/1. During hypoglycaemia, the difference between the glucose levels in plasma and muscle increased to approximately 1.5 mmol/l, the levels in muscle being significantly lower than those in plasma from 52.5 min and during the rest of the experiment (p < 0.05 with Fisher's PLSD test and Scheffe's Ftest). During hypoglycemia, the glucose values in 
0.1• Values are means + SEM
adipose tissue were also lower than those in plasma; the difference was statistically significant from 67.5 to 127.5 min (p < 0.05 with Fisher's PLSD test and Scheffe's F-test). During the entire experiment, the glucose levels in muscle tended to be lower than those in adipose tissue, the difference being statistically significant only at 82.5 and 157.5 min (p < 0.05 with Fisher's PLSD test and Scheffe's F-test). At 22.5 min, plasma levels were significantly lower than those in both adipose tissue and muscle (p < 0.05 with Fisher's PLSD test and Scheffe's F-test).
The glucose nadir was significantly lower in muscle (1.6 + 0.1 mmol/1) and adipose tissue (2.0 + 0.1 mmol/ 1) than in plasma (2.4 + 0.1 mmol/1) (p = 0.001 and 0.02, respectively); 95 % confidence intervals for the differences plasma-muscle and plasma-adipose tissue being 0.4-1.1 mmol/1 and 0.1-0.5 mmol/l, respectively. The difference between glucose nadirs in muscle and adipose tissue were not significant (p = 0.06). The decline in glucose from basal values to the nadir in plasma was 2.7+0.1mmol/1, in adipose tissue 2.8 + 0.1 mmol/1 and in muscle 3.0 + 0.1 mmol/1, the difference between plasma and muscle not being significant (p = 0.07). The time from starting the insulin infusion to the glucose nadir was increased in muscle (69 + 5 min) and adipose tissue (57 + 2 min) compared to plasma (39 + 3 min) (p = 0.0004); 95 % confidence intervals for the differences plasma-muscle and plasma-adipose tissue being 19-41 min and 11-25 min, respectively. The periods from the nadir to the time when the glucose level had increased by 2.0 mmol/1 in the respective compartment were similar in plasma (78+4min), adipose tissue (75+ 3 rain) and muscle (74 + 4 min).
Plasma levels of free insulin and catecholamines and glucose infusion rates during the clamp are Table 1 . Insulin levels rose to approximately 700 pmol/1 at 37.5-52.5 min, whereafter basal levels were reached at 112.5 min. Plasma adrenaline was not detectable during the basal period and it increased to a maximum at 67.5 min, when plasma glucose levels had started to increase. Plasma noradrenaline increased to maximal levels at 37.5 min around the time of the plasma glucose nadir. Figure 2 shows the results where two probes perfused at different velocities (0.3 and 2.0 Ixl/min) were compared in adipose tissue and muscle. Perfusion at a higher velocity resulted in lower glucose levels (basal levels in adipose tissue and muscle around 0.9 and 1.5 mmol/l, r~spectively), reflecting a decreased recovery of glucose. Therefore, data are expressed as percentage of basal glucose concentrations, in order to facilitate comparison. The relative glucose changes in adipose tissue and muscle were similar when comparing the two perfusion rates. In adipose tissue, there were no significant differences at any time. In muscle, relative glucose levels were significantly lower at 22.5 and 37.5 min, when perfusing at a higher rate (p < 0.05 with Fisher's PLSD test and Scheffe's F-test). However, later during the experiment the glucose curves were similar. Indeed, the relative glucose levels tended to be higher in the experiment with the higher perfusion velocity. In four subjects, different perfusion solutions were compared (Fig. 3) . The results were similar, whether or not a low glucose concentration was added to the solution.
The in vivo recovery of radiolabelled glucose in adipose tissue and muscle is shown in Figure 4 . It was about 90 and 95 % in adipose tissue and muscle, respectively, and remained stable whether or not hydralazine had been added to the tissue perfusate. Without hydralazine the CVs, calculated for each subject, were 1.3-1.9 % and 0.5-1.8 % in adipose tissue and muscle, respectively. With hydralazine the corresponding CVs were 1.6-3.6 % and 0.4-1.5 %.
Tissue blood flow was indirectly monitored by the microdialysis-ethanol technique (Fig.5) . In adipose tissue, the ethanol ratio out vs in decreased significantly from 52.5 min and thereafter (6-8 % lower compared to basal levels, p = 0.002), reflecting an increase in the nutritive blood flow. In muscle, no significant change in the ethanol ratio was detected.
Discussion
In the present study glucose levels were significantly lower in adipose tissue and skeletal muscle than in plasma during insulin-induced hypoglycaemia. This finding was most pronounced in skeletal muscle, where glucose values during hypoglycaemia were approximately 1.5 mmol/1 lower than the plasma levels. Tissue glucose nadirs were also delayed compared to plasma, which resulted in a markedly protracted glucose fall, especially in muscle. During euglycaemia, muscle values were around 0.5 mmol/1 lower than plasma values, whereas the glucose concentration in adipose tissue was similar to that in plasma, the latter finding being in accordance with several previous studies [3, 4] . Direct measurements of the absolute concentration of glucose in human skeletal muscle have not been reported before. By using the "no-net-flux" method for calibration and re-calculation of the in vivo recovery, Mtiller et al. [7] reported 0.7 mmol/1 lower glucose levels in muscle than in plasma during euglycaemia. Maggs et al. [6] also used this method and found substantially lower values both in adipose tissue and muscle than in plasma during euglycaemia. However, in addition to uncertainty about the accuracy of the indirect calculation of the glucose concentration, a different dialysis membrane was used in the latter study.
There are several reasons why we believe that true glucose values were recorded in the present study. First, the isotope recovery experiments showed a high (> 90 %) and stable recovery during the entire study. Secondly, the experiments with different perfusion rates and different perfusion fluids showed that the relative changes in glucose from baseline values were very similar when a sevenfold higher perfusion velocity was used as well as when glucose was added to the perfusion medium. Theoretically, a high perfusion velocity and a pronounced difference in the concentration of the dialysed substance between the perfusion medium and the interstitial fluid could lead to drainage of the substance from the tissue. Thus, our result with various perfusion rates and various perfusion fluids strongly indicate that the low glucose levels in adipose tissue and muscle found in the present study were not due to drainage from the tissues.
It has previously been shown that muscle glucose concentration is blood flow dependent, since an increase of the muscle blood flow increases the glucose levels [10] . In our study, a significant increase in blood flow was recorded during hypoglycaemia in adipose tissue which is in accordance with previous studies using the ethanol technique [16] and the Xenon washout technique [17] . On the other hand, no change in blood flow was detected in muscle. Little information is available about blood flow in skeletal muscle during hypoglycaemia in humans. To our knowledge, only whole limb or forearm flood flow have been determined showing an increase in blood flow [18, 19] . However, such measurements may include tissues other than muscle and they do not exclusively measure the nutritive blood flow. Hence, as tissue blood flow during hypoglycaemia seems not to be decreased, which would probably cause a decrease in tissue glucose levels, one can conclude that the tissue-plasma glucose differences found in the present study were not due to changes in blood flow.
The difference between the plasma and tissue glucose concentrations increased until approximately 80 min, at which time the three glucose curves were parallel during the recovery to euglycaemia. Assuming a half-life of plasma insulin of 5 min, 80 min is the approximate time-point when normoinsulinaemia was reached. Thus, we think it likely that hyperinsulinaemia is a prerequisite for the plasma-tissue differences observed during hypoglycaemia and that an increased glucose extraction is the mechanism whereby this relative glucopenia of the tissues occurs. This is in accordance with previous studies where an increased arteriovenous difference was shown during hyperinsulinaemia both in normal subjects and in IDDM patients [20, 21] . In our study, a reduced glucose uptake in muscle and adipose tissue due to catecholamine-induced insulin resistance could also contribute to the parallel glucose curves during the latter part of the experiment. It is also possible that kinetics of insulin may be of importance for the differences in glucose kinetics between plasma and tissues during hypoglycaemia. Thus, the presence of an endothelial barrier for insulin resulting in lower tissue insulin levels and a slower rise of insulin levels in the interstitial fluid compared with plasma has been suggested [22] [23] [24] . ,"
During the initial phase of decline in glucose levels, the levels in plasma were lower than those in adipose tissue and muscle. This contrasts with the results of a previous study which claimed that a decline in adipose tissue glucose may sometimes precede a fall in blood glucose [25] . It was argued that this phenomenon may occur because insulin acts at the tissue level, enabling the tissue glucose to enter the cell and leading to a gradient between tissue and blood glucose concentrations. However, in Sternberg's study, this early tissue glucopenia was seen in only half of the experiments. Furthermore, in addition to the glucose uptake from the tissue, the decreased glucose output from the liver would probably affect the blood-tissue gradient in this hyperinsulinaemic situation. By this mechanism, the decline in glucose in blood would probably precede that in the tissues and thus counteract the glucose-lowering time-lag from tissue to blood caused by glucose uptake in the tissues. In theory, differences in diffusion of glucose may also influence the temporal differences in glucose kinetics between the tissue compartments and blood. However, in the present study, tissue glucose was measured in 15-min fractions and therefore we do not think that conclusions can safely be drawn about blood-tissue gradients during this first phase of rapid decline in the glucose concentration.
The results of the present study may also have clinical implications. The finding of a protracted glucopenia in the peripheral tissues during insulin-induced hypoglycaemia is probably also relevant to IDDM patients. However, in the clinical situation, with subcutaneous administration of insulin, hyperinsulinaemia is sustained and therefore /here may be an even more pronounced plasma-tissue difference during iatrogenic hypoglycaemia in IDDM patients. Furthermore, one can speculate whether the protracted glucopenia in muscle in relation to blood during hypoglycaemia may explain the unexpectedly prolonged hypoglycaemias in insulin-treated patients, since the blood-tissue glucose difference may create a demand for glucose in the muscle, resulting in an increased flux of glucose from plasma to the tissues.
In conclusion, this study has shown that there is a relative glucopenia in adipose tissue and skeletal muscle compared to blood during insulin-induced hypoglycaemia, probably due to increased glucose extraction by the tissues. As a result, the restoration of adipose tissue and muscle glucose levels is markedly delayed. Thus, it seems that glucose measurements in adipose tissue and muscle more adequately reflect overall tissue homeostasis than do measurements in blood and that clinically relevant tissue glucopenia may be overlooked by conventional blood glucose measurements.
